Background: Despite their ecological, economic and medical relevance, very little information is available on the distribution of planktonic cnidarians, this being particularly true for some regions of the ocean such as the Gulf of Mexico. In fact, the effect of locally important oceanographic features such as the offshore autumnal transport on the distribution of planktonic cnidarians has long been overlooked in this region. Because of this, the present study aimed to analyse the spatial patterns of planktonic cnidarian assemblages in the southern Gulf of Mexico during the autumn of 1998, when particularly intense conditions of convergence, offshore water transportation and productivity were recorded. The assemblages were described in terms of their composition, abundance (volume), diversity, dominance and equitability. Cluster (Bray-Curtis index) and ordination (multidimensional scaling (MDS)) analysis were performed in order to link the observed distribution of species with the environmental parameters.
Background
There is a growing interest worldwide in gelatinous plankton and their various ecosystem roles (e.g. Boero et al. 2008; Richardson et al. 2009 ), particularly in highly productive areas. The southern Gulf of Mexico constitutes one of such regions, in which a great number of commercial fisheries are active (Arenas-Fuentes and Jiménez-Badillo 2004) , together with important oil extraction operations (Gold-Bouchot 2004) . The surface circulation in this region constitutes an exception to the patterns that are generally observed in the Gulf of Mexico, as it is not under the direct effect of the Loop Current and its associated anticyclonic field, but presents two circulation patterns that are relatively independent one from the other: on the one hand, there is a seasonally changing cyclonic gyre in the offshore waters, with a western boundary current that becomes more intense during autumn-winter and of which the main forcing is the wind stress component (Vázquez de la Cerda et al. 2005) ; on the other hand, the alongshore coastal currents change direction during the same season, generating a convergence and offshore transportation of water masses (Zavala-Hidalgo et al. 2003) .
These seasonal variations in the regional circulation patterns are accompanied by important changes in the physicochemical properties of the water that, in turn, are related to changes in the distribution of planktonic organisms. High chlorophyll (phytoplankton) levels have been recorded in areas near the coast, which suggests that there are upwelling phenomena in the eastern region of the Campeche Bank (Merino 1997; Zavala-Hidalgo et al. 2006) and confirms the presence of transportation processes in the southern Campeche Bay (Martínez-López and Zavala-Hidalgo 2009). It has also been suggested that the abundance and distribution of ichthyoplankton are affected by the location of the cyclonic gyre and the input of freshwater from the Grijalva-Usumacinta system (Salas de León et al. 1998) , which generates fronts of considerable size in the southern region of the study area (Czitrom et al. 1986) . Unfortunately, there is little information on the relationship of these oceanographic conditions and other zooplanktonic organisms, including members of the phylum Cnidaria.
Planktonic cnidarians have a limited mobility and may thus be successfully used as indicators of water masses and their movements Thibault-Botha et al. 2004; Palma and Silva 2006) . Knowledge of this group of organisms in the Gulf of Mexico is as yet limited, despite several recent studies that have informed on the relationship between the assemblages of medusae or siphonophores and the local oceanographic conditions (Loman-Ramos et al. 2007; Sanvicente-Añorve et al. 2007a , 2007b . Considering the intense water mass transportation that takes place in the Campeche Bay during the autumn-winter, it would be expected that the structure and composition of the planktonic cnidarian assemblages reflect the oceanographic conditions. This hypothesis was explicitly evaluated in this study through the analysis of the medusae and siphonophores collected during an oceanographic cruise that took place in a year in which particularly intense conditions of convergence, offshore water transportation and productivity were recorded in the southern Campeche Bay (Martínez-López and Zavala-Hidalgo 2009).
Methods

Sampling
Zooplankton samples were collected from November 27 to December 6, 1998, with a Bongo type net, 333 μm mesh size, on board the research vessel 'Justo Sierra' of the Universidad Nacional Autónoma de México. Sampling was carried out at 31 stations ( Figure 1 ) located on the continental shelf and slope of the southern Gulf of Mexico, off the Mexican states of Veracruz, Tabasco and Campeche, within a square area limited by 18°N, 95°W and 21°N, 91°W.
Samples were obtained by oblique hauls in a circular trajectory, with a speed of 2 knots and moving 10°to starboard. The volume of water that was filtered at each station was determined by taking a reading on a flowmeter adapted to the sampling net. The maximum depth sampled varied from 13 to 141 m and depended on the total depth at each sampling station, which varied from 16 to 2,550 m. The zooplankton samples were preserved immediately after collection with 4% formalin in sea water that was neutralised with sodium borate.
Apart from collecting biological samples, values were recorded at each station for temperature (°C) and salinity with a CTD probe, pH, turbidity (nephelometric units) Figure 1 Study area, southern Gulf of Mexico. Sampling stations (▲) and bathymetry. Area of oil rigs (*). Mouth of the Grijalva-Usumacinta system (↑). and nitrite, nitrate, silicate, phosphate and dissolved oxygen concentration (μmol L −1 ) in water samples obtained with Niskin bottles at every 10 m of depth.
Laboratory work
Planktonic cnidarians were separated from the other organisms collected and were later identified to the lowest possible taxonomic level. Total volume values for zooplankton, planktonic cnidarians and each species were determined for each sampling station following the displacement volume method. The abundance values of medusae and siphonophores were expressed as volume units in order to allow comparison between species. This was necessary as the modular nature of the planktonic cnidarian species makes it impossible to establish a 'number of individuals' for each taxon. Volume was expressed as ml/1,000 m 3 in all cases. When a species was present at a sampling station with a volume value smaller than the minimum that could be quantified (=0.1 ml), it was assigned a standard value of 0.05 ml in order to conserve its abundance ratio with respect to the more abundant species (this occurred in <4% of the entries of the volume matrix).
Data analyses
Graphic models for sampling station depth, temperature, salinity, zooplankton volume, pH, turbidity and concentration of nitrates, nitrites, phosphates, silicates and dissolved oxygen were built in order to identify spatial patterns of environmental parameter variations among the sampling stations. The average value of each environmental parameter (except for zooplankton volume and sampling station depth) was calculated for the mixed layer, defined here as the surface water layer in which the difference between the surface temperature and that at the bottom of the layer was less than 0.1°C. The average parameter values in the mixing layer were then interpolated for the whole study area using the SURFER v8 programme (Golden Software Inc 2002) following the Kriging method.
A principal components analysis (PCA) was applied to the environmental parameter values in order to identify spatial patterns of variation in the study area. To carry out this analysis and considering the differences in the measuring scales associated with each evaluated parameter, the data were previously transformed into the form log(x), where x represents the average value of each parameter in a given sampling site.
Before performing the statistical analyses, the volume data per sampling station for each species (as a measure of the abundance) were transformed into the form log (x + 1), where x represents each individual datum, in order to reduce the extreme disparity in the abundance of the numerically dominant taxa. The importance value index (IVI, modified from Krebs 1985) was calculated for each taxon considering volume and frequency data (number of sampling stations where the analysed taxon was present). The IVI presented a theoretical maximum value of 200 in this study. The species richness, Shannon diversity, equity and dominance indices were also calculated for each sampling station. In all cases, the abundance values corresponded to the volume occupied by each species at each sampling station.
A classification analysis and an ordination analysis were carried out using the transformed abundance values in order to identify spatial patterns of species composition in the study area. The selected similarity index was that of Bray-Curtis. The generated similarity matrix served to obtain a cluster diagram through the hierarchical grouping method and to carry out a non-metric multidimensional scaling (MDS) analysis in order to identify the existing relationships among sampling stations based on biological information. A similarity percentage (SIMPER) routine was applied to determine the taxa that contributed the most to the definition of the identified groups. Finally, the agreement between the spatial patterns suggested by the biological data and by the environmental parameters was evaluated through the BIO-ENV and DistLM routines, the latter of which calculates a multivariate multiple regression analysis of symmetric distance matrices (Anderson 2004) . Particularly, the conditional test DistLM FOR-WARD was used to evaluate the percentage of variability in the cnidarian data that is explained by the set of environmental variables considering the correlations between them. All multivariate analyses were carried out using the PRIMER v6 software (Clarke and Gorley 2006) , as suggested by Clarke and Warwick (2001) .
Results
Environmental conditions and zooplankton volume
The physicochemical values recorded for the water of the mixed layer (approximate thickness 50 m) reflect the environmental heterogeneity that is present in the region. However, three areas constantly recorded maximum values for several environmental parameters: the continental shelf of the Campeche Bank (in the eastern region of the study area), the area off the mouth of the Grijalva-Usumacinta system and the middle shelf off Laguna de Términos near the area of oil rigs ( Figure 2A ,B,D,E,F,G,H). The average temperature in the mixing layer varied from 26.66°C to 27.30°C, the average salinity varied from 33.56 to 36.38 and the zooplankton volume varied from 32.32 to 1,135.47 ml/1,000 m 3 ( Figure 2C ). The highest values of these parameters were recorded for the eastern region of the study area on the wide continental shelf of the Campeche Bank, with a decrease towards the oceanic area and the continental shelf off Tabasco and Veracruz.
The average values of turbidity and concentration of nitrates and nitrites in the mixing layer were in general higher off the mouth of the Grijalva-Usumacinta system and lower in the oceanic area and the eastern region of the study area. −1 of dissolved oxygen were recorded. The PCA confirmed the presence of important environmental gradients both in a north-south direction and in an east-west direction in Campeche Bay and allowed groups of stations to be identified in relation to their location with respect to these gradients ( Figure 3 ). The PC1 and PC2 axes explained 73.4% of the observed variation, with the PC1 axis explaining 50.7% of this variation by itself.
In general, the PC1 axis represented an increase in zooplankton volume and a decrease in depth and dissolved oxygen concentration, for which reason the oceanic stations were grouped to the far left of the bidimensional graph and those with greater zooplankton volumes were located mainly towards the right side. The PC2 axis represented, in general, an increase in turbidity and nutrient concentration and a decrease in salinity, for which reason the stations near the southern region of the study area, with the greatest values of nitrites, nitrates and turbidity (e.g. off the Grijalva-Usumacinta system), were grouped in the upper half of the graph and those further away from the coast, with relatively low nutrient and turbidity values and higher salinity values, were located at the far lower left of the graph.
Some groups of stations are evident in the PCA graph, while the boundaries of other groups are less clear. For example, station 14 (off the Grijalva-Usumacinta system) is relatively isolated from the others, while stations 24, 30 and 31 form a well-defined group of stations on the middle shelf off Laguna de Términos. The stations located in the Campeche Bank and those in oceanic waters formed a more or less compact subgroup, whereas those located on the outer shelf of the Campeche Bank, possibly a transitional area, lie at the centre of the graph.
Planktonic cnidarian assemblages
In all, 68 taxa of planktonic cnidarians were identified in the study area (Table 1) . Of the identified taxa, 44.1% corresponded to meroplanktonic organisms and 55.9% were holoplanktonic. It was not possible to identify the species of the genera Obelia and Zanclea, as the characters on which the identification is based are present in the polyp, and not in the medusa stage. Siphonophores belonging to Abylopsis and Amphicaryon were also identified at generic level, as some parts of the colony could not be assigned with certainty to a particular species. However, both Abylopsis tetragona (Otto, 1823) and Abylopsis eschscholtzi (Huxley, 1859) were present in the community, as well as Amphicaryon peltifera (Haeckel, 1888) and Amphicaryon ernesti Totton, 1954. The volume of planktonic cnidarians per sampling station varied from 4.71 to 1,000 ml/1,000 m 3 . The greatest values were recorded to the east of the study area on the Campeche Bank ( Figure 2I ).
The volume values per species for a given station varied from <0.10 to 967.47 ml/1,000 m 3 . Ten species represented 92.74% of the total volume of planktonic cnidarians, and with the exception of the meroplanktonic medusae of Eirene pyramidalis, these were exclusively holoplanktonic medusae (Liriope tetraphylla, Aglaura hemistoma) and siphonophores (Diphyes dispar, Nanomia bijuga, Diphyes bojani, Muggiaea kochi, Agalma okeni, Chelophyes appendiculata). All of these species of holoplanktonic cnidarians were also considered dominant community components with IVI values greater than 100 (Table 1) , as well as being responsible for the definition of the different groups of stations identified in the classification and ordination analysis (Table 2 ). In general, the distribution of the abundance values of these species agreed with the groups defined.
The classification analysis of the sampling stations allowed the identification of four groups at a similarity level of 75% (Figure 4 ). Groups A, B, C and D were also identified by the ordination analysis ( Figure 5 ), which is an acceptable bidimensional representation of the similarity relationships between sampling stations, as is shown by the level of moderate stress associated with the graph (stress = 0.13). Group A included one single sampling station, station 14, located off the mouth of the GrijalvaUsumacinta system. Group B gathered the stations located on the wide continental shelf of the Campeche Bank, to the east of the study area. Group C was formed by three stations located on the middle shelf of the southern Campeche Bank, near the area of the Cantarell Complex oil rigs. Group D gathered the other sampling stations, including a subgroup of oceanic stations that was identified both by the classification analysis and the ordination analysis. Group B (Campeche Bank stations) had the greatest values of dominance and volume of planktonic cnidarians, as well as the lowest values of diversity and equity. The opposite occurred in group D that included, among others, the oceanic stations (Table 3) .
The ordination analysis of the sampling stations based on the environmental parameters ( Figure 3 ) agreed with the ordination analysis of the same stations based on the species composition and volume data of each observed taxon ( Figure 5 ). The four groups of stations formed by the similarity cluster may be observed in both representations, notwithstanding that the grouping pattern is less evident in the principal components analysis based on the environmental parameters than in the MDS ordination based on the biological data.
The correlation analysis based on the BIO-ENV procedure indicated that the association of environmental parameters that best grouped the sampling stations in agreement with the biological patterns was that integrated by sampling station depth, salinity, dissolved oxygen concentration and zooplankton volume (ρ = 0.641). These parameters maximised the correlation of ranges between the dissimilarity matrices of the biological and environmental data and may thus be considered to be the group of parameters that best explained the grouping pattern of the stations observed in the study area. The results of the DistLM analysis showed almost the same set of variables (excluding dissolved oxygen) as strong predictors in the grouping of the cnidarian assemblages (Table 4) , together explaining 54.78% of the cumulative variation.
Discussion
In general, the values recorded in this study for the physicochemical properties of the water varied within the ranges previously reported for the Gulf of Mexico ( salinity values in the oceanic area and the highest values of temperature in the shallow area of the Campeche Bank. Surface salinity in the south varies in response to the input of the Grijalva-Usumacinta system, which constitutes the most important contribution of freshwater in the region (Czitrom et al. 1986 ). The estimated depth of the thermocline was also congruent with previous observations of a mixed layer reaching 40 to 70 m depth during the summer-autumn (Espinosa-Fuentes and Flores-Coto 2004), with an important vertical mixing process that increases in intensity in winter when it may reach a thickness of up to 100 m (Alatorre et al. 1989 ). The spatial patterns of variation of the zooplankton volume showed the highest secondary productivity values to occur on the Campeche Bank. Individual values of zooplankton biomass and volume recorded by different studies cannot always be compared because of differences in the methods used to estimate them; however, it may be stated that the Campeche Bank is an area of great secondary productivity considering our data as well as those of De la Cruz (1971) , Gómez-Aguirre (1987) , Flores-Coto et al. (1988) , Gasca et al. (1995) and Loman-Ramos et al. (2007) . Several factors are related to the abundance of plankton in this area, including the width of the continental shelf and a high diversity of primary producers (Flores-Coto et al. 1988; Okolodkov 2003) , as well as the advection of high biomass nuclei generated in upwelling areas (Merino 1997; Zavala-Hidalgo et al. 2006) . The relatively high zooplankton volumes located off the mouth of the GrijalvaUsumacinta system are mainly associated with the input of freshwater to this area, confirming that river input variations and coastal circulation patterns have an important effect on the spatial location of high zooplankton biomass nuclei in the region (Salas de León et al. 1998; SanvicenteAñorve et al. 2007b) .
Unexpectedly, the PCA analysis showed a lack of neriticoceanic zonation in the study area that differs from previous observations (Salas de León et al. 1998; Flores-Coto et al. 2000; Loman-Ramos et al. 2007 ), but agrees with the regional circulation patterns of an important offshore transportation during this time of the year following a meeting of the coastal currents in the southern Campeche Bay (Zavala-Hidalgo et al. 2003) . The offshore transportation of water masses would then minimise the environmental gradients that are present at other times of the year.
In terms of species composition, the planktonic cnidarian assemblages may be considered typical of the region. All species identified in this study have been previously recorded for the Gulf of Mexico (Segura-Puertas et al. 2009; Pugh and Gasca 2009) , with the exception of Koellikerina fasciculata and Muggiaea atlantica. Only recently concern has risen about new records of gelatinous zooplankton in the area, mainly because of the potential ecological and economical consequences, particularly if the new records are those of non-indigenous or invasive species (Graham et al. 2003) . Both K. fasciculata and M. atlantica are distributed worldwide (Bouillon et al. 2004) ; thus, more studies are required to determine whether there are established populations in the Gulf of Mexico or if the new records represent recent introductions.
The identified set of dominant species include taxa that have been previously labelled as common and widely distributed in the Gulf of Mexico and adjacent areas (Gasca Av. abund = average abundance, δ = average similarity between stations in each group, SD = standard deviation of δ, Contrib% = percentage contribution of each species to δ, Cum.% = cumulative percentage of contribution to δ, contributors up to a cumulative 90% for each group are shown. , 1999 Sanvicente-Añorve et al. 2007b; Segura-Puertas et al. 2009; Pugh and Gasca 2009 ), sometimes being the most abundant component of the gelatinous zooplankton community (Segura-Puertas 1992; Segura-Puertas and Ordóñez-López 1994; Loman-Ramos et al. 2007 ).
1993
The distribution of the abundance of the planktonic cnidarians observed in this study is also in agreement with previous data (Segura-Puertas and Ordoñez-López 1994; Gasca 1998), since the lowest values were recorded in waters of the Campeche Bank, and the highest values were present in the oceanic area. Spatial patterns of abundance and biomass of planktonic cnidarians are particularly understudied, and only recently, a growing interest in the distribution of jellyfish abundance is developing due to the concern that overfishing may be leading to a proliferation of medusae through fishing down the food web (Lilley et al. 2011; Lucas et al. 2014 ).
To provide a rough comparison of pelagic cnidarian abundance values with those reported by other authors, we estimated the mean biomass (carbon weight, in mg) of the assemblages of planktonic cnidarians in the southern Gulf of Mexico. Our results (mean value of 0.63 ± 7.13 mg C m 3 ) fall within the range previously reported for the Northern Atlantic Ocean by Lucas et al. (2014) , not being particularly high or low for the region. Needless to say, this value should be taken with caution, since it was based on carbon density data for the tissue of Cladonema californicum medium-sized medusae (see Costello 1998) , as density values have not been determined for other hydrozoan species. Nevertheless, we believe that this calculation is important since it allows comparison of our results with abundance values observed in other regions of the world's oceans. Further surveys of the area are also much needed, in order to gain insight on long-term changes and inter-annual variability of gelatinous plankton abundance.
The four groups of sampling stations identified in this study were particularly influenced by the distribution of the abundance of the dominant species. These distribution patterns coincided with those observed by LomanRamos et al. (2007) and additionally suggest that the planktonic cnidarian assemblages vary markedly from the coast to deeper waters (offshore variability) in agreement with the observations of Sanvicente-Añorve et al. (2007b) .
The spatial distribution of the abundance of planktonic cnidarians and other gelatinous zooplankton organisms is mostly the result of interactions among the biological characteristics (behaviour, ecological tolerance, life cycle aspects, etc.) of each species and the physical parameters of the water (Graham et al. 2001) , as may be seen for the assemblages observed here. Several environmental factors have also been pointed out as determining the distribution patterns of planktonic cnidarian populations in other parts of the world. In general, these factors vary in relation to the temporal and spatial scales under study; however, it is possible to say that upwelling phenomena, as well as oceanic gyres, currents, the distance off the coast, the depth of the mixing layer and the effect of freshwater input, have been recognised by various authors (Gasca 1999; Suárez-Morales et al. 2002; ThibaultBotha et al. 2004; Sanvicente-Añorve et al. 2007b ) as important factors that determine spatial-temporal changes in planktonic cnidarian assemblages.
Zooplankton volume represents a measure of the amount of food that is available for planktonic cnidarians, and the fact that the total volume of the studied community varies spatially following the variation of zooplankton abundance suggests that the availability of food determines the distribution of the abundance of medusae and siphonophores in the study area. A similar trend was observed by Loman-Ramos et al. (2007) when analysing jellyfish species in the region. This is related to the predatory habits of the planktonic cnidarians, as it has been observed that the spatial distribution of jellyfish and siphonophores coincide in time and space with that of their prey (Purcell 1981 (Purcell , 1997 . Depth at each sampling station, on the other hand, reflects the position of the station with respect to the coast, and as such has been previously considered an important parameter for the definition of groups of stations in the Gulf of Mexico (Gasca 1999 ) and elsewhere (Biggs et al. 1981; Mackie et al. 1987) . Salinity has been previously related to the abundance and richness of medusae and siphonophores in several parts of the world (Santhakumari et al. 1999; Thibault-Botha et al. 2004; Zakaria 2004) , among them is the Gulf of Mexico (Sanvicente-Añorve et al. 2007b . Furthermore, the presence of saline fronts is commonly associated with the formation of planktonic cnidarian assemblages (Graham et al. 2001) , the same way the patterns observed in the south-eastern Gulf of Mexico suggest that the input of freshwater (mainly from the Grijalva-Usumacinta system) and the salinity gradient it generates are very important factors that determine the dynamics of the zooplankton populations in this region.
Previous investigations (Flores-Coto et al. 2000; Loman-Ramos et al. 2007 ) had indicated the presence of well-defined groups of neritic and oceanic stations, determined by the composition and abundance of various DistLM-forward analysis; Akaike Information Criterion (AIC) = 229.85; R 2 = 0.5477; RSS = 37829; 3 variables. SS (trace) = portion of sum of squares related to the analysed predictor variable, %Var = percentage of variance in species data explained by respective variable in the row, %Cum = cumulative percentage of variance explained, df = degrees of freedom.
groups of zooplanktonic organisms. In the present study, however, the observed zonation suggests that the oceanic stations share important similarities with the stations located on the continental shelf. This may be explained considering the surface circulation during the autumn in the study area, particularly the offshore transportation in the southern Campeche Bay (Zavala-Hidalgo et al. 2003 ) that should tend to homogenise the faunistic composition in the oceanic stations and those on the continental shelf off Tabasco. During 1998, the offshore transportation of water masses was particularly important compared with other years (Martínez-López and Zavala-Hidalgo 2009), and this explains why the stations did not form well-defined neritic and oceanic groups.
Conclusions
Planktonic cnidarians are useful as indicators of water masses, since the observed zonation was congruent with the surface circulation patterns that are present during the autumn (offshore transportation) and the presence of particular local environmental conditions, including those at the mouth of the Grijalva-Usumacinta system and those associated with the area of oil rigs. We would expect that similar conditions of strong offshore transport would lead to a similar horizontal stratification in the assemblages of planktonic cnidarians in other parts of the world, driven mainly by salinity, oxygen, depth and zooplankton gradients.
Ethical approval
Ethical approval was not required for this study. 
